Thymopoietin (Tmpo) was originally isolated from bovine thymic extracts (Goldstein 1974 ) as a 49-amino-acid polypeptide (Schlesinger and Goldstein 1975) . The immunomodulating effects attributed to Tmpo and its putative active domain thymopentin (amino acids 32-36, Arg-LysAsp-Val-Tyr) led to clinical trials using thymopentin as a drug in several diseases such as rheumatoid arthritis (Kantharia et al. 1989 ) and h u m a n immunodeficiency virus infection (Conant et al. 1992) . Characterization of the amino acid sequence of the polypeptide from a variety of tissues (Audhya et al. 1981; Audhya and Goldstein 1988) revealed several amino acid substitu- tions, which suggested a tissue-specific expression pattern of various isoforms.
Isolation of a bovine thymopoietin cDNA (Zevin-Sonkin et al. 1992 ) and subsequently hum a n cDNAs, encoding three related but distinct TMPOs (TMPO c~, 13, and ~/) (Harris et al. 1994 ), expanded our knowledge about Tmpo. Human TMPO c~, ~, and ~/ share an identical aminoterminal domain of 187 amino acids, which is followed in TMPO~ by a specific domain (506 amino acids). TMPOs ~ and ~/are closely related structurally, with TMPO~ differing from TMPO~/ only by the insertion of a 13-specific domain of 109 amino acids after amino acid 220.
Recently, a single h u m a n TMPO gene was isolated and characterized (Harris et al. 1995) . The gene spans over -35 kb of genomic DNA, containing 8 exons that encode the three TMPOspliced mRNAs. TMPO~ was found to be the human homolog of the rat lamina-associated poly-peptide 2 (LAP2) (Furukawa et al. 1995; Harris et al. 1995) , an integral protein of the inner nuclear membrane.
In this study we report the isolation and molecular characterization of seven distinct mouse Tmpo (locus designation) cDNAs that encode for six putative mouse Tmpo proteins. In addition, the genomic structure and chromosomal localization of the mouse Tmpo gene is elucidated.
The differences in genomic organization between the h u m a n and mouse genes, and the novel alternatively spliced mouse transcripts, led us to reanalyze the h u m a n TMPO gene.
RESULTS

Analysis of the Mouse rmpo oL, f3, f3', ~, ~, ~, and
Sequences
The mouse Tmpo~ cDNA clone was isolated from thymus cDNA library and characterized, using a 126-bp fragment, encoding Tmpo amino acids 1-42, from the bovine clone cDNA 113 (ZevinSonkin et al. 1992) , as a probe. The same library was subsequently screened with a probe derived from the amino-terminal 790 bp of the Tmpo¢ cDNA. One hundred fifty-five positive clones were obtained. Repetitive screenings and restriction enzyme analysis revealed at least seven distinct Tmpo transcripts. A representative clone from each of them was chosen for further sequence analysis. The nucleotide and predicted amino acid sequences of mouse Tmpo oL, [3, f3', ~, 8, ~/, and ¢ are shown in Figure 1 . Examination of mouse Tmpocx sequence (Fig. 1A ) reveals a short region of basic amino acids (amino acids [188] [189] [190] [191] [192] [193] [194] suggestive of a nuclear localization domain (Kalderon et al. 1984) , and a possible tyrosine p h o s p h o r y l a t i o n site (amino acids 618-625) (Patschinsky et al. 1982) . The sequence S/T-P-X-X, a potential recognition sequence for cdc2-related kinases (Nigg 1993 ) is found 10 times t h r o u g h o u t the TmpooL sequence. Figure 1B presents the [3, [3', e, 8 , and ~/ Tmpo sequences. The Tmpo [3 and [3' clones are identical in their open reading flame (ORF) sequence but differ in an additional 3'-untranslated region (3' UTR) sequence starting in A 1715 of the [3' clone, probably because of an alternative polyadenylation signal. Hydropathy analysis revealed that similar to the h u m a n isoforms, all of the mouse Tmpo clones lack an amino-terminal hydrophobic signal sequence typical of secreted polypeptides (not shown). However, this analysis revealed that like the h u m a n TMPO [3 and % Tmpo [3, e, 8 , and ~/ contain a possible hydrophobic transmembrane domain near their carboxyl termini (amino acids 409-432 of Tmpof3), suggesting a possible association of these proteins with cellular membranes. The sequence S/T-P-X-X is found seven times in the Tmpo[3 sequence. Two of these, T-P-R-K at residues 255-258 and T-P-K-K at residues 319-322, are especially likely to be cdc2 kinase substrates because of the basic residues in the X positions (Nigg 1993) . Tmpo~ is identical to Tmpo [3, e, 8 , and y in its amino-terminal domain through Gln 219. Its ORF, however, stops 5 amino acids downstream of this point followed by a distinct 1619-bp 3' UTR domain (Fig. 1C) . Figure 2 demonstrates a schematic presentation of the different mouse cDNA clones. Mouse Tmpo cx, [3, 8, e, % and ~ share an identical aminoterminal 186-amino-acid domain. Like the hum a n and the bovine Tmpo isoforms, amino acids 1-49 are highly homologous to the originally purified 49-amino-acid bovine Tmpo (Schlesinger and Goldstein 1975 are 78%, 90%, and 91% identical to the previously published h u m a n TMPO u, [3, and y sequences (Harris et al. 1994) , respectively, suggesting interspecies conserved functions.
Genomic Organization of the Tmpo Gene
Overlapping clones covering the entire Tmpo gene were isolated from a BALB/c liver X genomic library (Fig. 3) . Restriction mapping and partial sequencing of the clones suggested that Tmpo oL, [3, ~, 8 , ~/, and ~ are produced via alternative mRNA splicing from a single gene. DNA sequence of the relevant regions was obtained by sequencing of genomic subclones and by using internal primers. This made it possible to define the precise location of all the exons, the sequences of all the intron-exon junctions, and the 5'-flanking region of the Tmpo gene. Figure 3 schematically presents the organization of the Tmpo gene and the overlapping genomic clones used for mapping and sequencing. The gene contains 10 exons spanning -22 kb genomic DNA. GGC TGCAC T TGC TCC C CAGTc GTC, C GC CAGGGGC TTT TTGTGG  C GG~CGGAC  C T GC~TT TTGTGTC C0 GA~TTCTGTC-CC GTGC C C GC C,~C GCC C,C TC C G  C,C~AC~GGAT C TC C C C, AC, C,C GGC GGGCC-CAC, C C C GGGAC C AGC GAC, CC~  C, CGC C GGC G  T GAGCAGC GGC GGC GGC GAC T GT GAGGGGC C 
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TCCCC TCC C CGAAAAGTCC CAAGACTCAGTGAGAAGCCAGCAAC~CGGGGACTCAGGC 1320 
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Cold (Fig. 3) , encoding a m i n o acids 220-328, which are h o m o l o g o u s to t h e h u m a n 13-specific d o m a i n (residues 221-329) encoded by exon 6 (Harris et al. 1995) . The difference between mouse and h u m a n T m p o gene organization regarding the g-specific d o m a i n (residues 220-328), coupled with the lack of the entire h u m a n exon 6 sequence in the GenBank data base (accession nos. U18269 and U18271), led us to characterize this region in the h u m a n TMPO gene. H u m a n genomic DNA was amplified by PCR (see Methods). A -750-bp PCR fragment was cloned and characterized. Figure 4 presents the genomic sequence of the h u m a n TMPO exon 6 region. This region contains two intronic sequences, dividing exon 6 into three smaller exons, termed 6a, 6b, and 6c. These exons are organized in the same pattern as exons 6, 7, and 8 of the mouse Tmpo, respectively. These data strongly suggest that like the mouse Tmpo gene, the h u m a n TMPO gene contains 10 exons.
Sequence Analysis of Exon!Intron Borders
All splice sites for the distinct mouse Tmpo mRNAs contain the canonical GT and AG dinucleotides at the intron borders (Table 1) . The splice sites m a t c h consensus splice site sequences to varying extents. The mouse and the h u m a n 3'-splice sites share a significant h o m o l o g y ( Table  2 ). The polypyrimidine tracts of the mouse exon 4, 6, 7, and 8 3'-splice sites are highly identical to the polypyrimidine tract of the h u m a n exon 4, 6a, 6b, and 6c 3'-splice sites, respectively. Interestingly, unlike the other, less conserved 3'-splice sites, these 3'-splice sites are participants in alternative splicing events.
Analysis of the 5'-flanking Region of the Tmpo Gene
The TSSG program analysis (Prestridge 1995 
Tmpol3 and LAP2 are Homologous Proteins
Data base comparison revealed that all human and mouse Tmpo cDNA sequences share a remarkable identity and homology with the nuclear LAP2, isolated from rat. Figure 6 shows the comparison between the predicted amino acid sequence of the mouse Tmpo[3, the LAP2 (GenBank accession no. U18314), and the human TMPO[3 (accession no. U09087). The mouse Tmpo[3 and the rat LAP2 are 96% identical ( TTCT CAGACATAC CCAGAAGAGCACCAAAGAAACCATTGACAAGAGCT GAA-987 Figure 4 Nucleotide sequence of exon 6 region of the human TMPO gene. The exonic sequences are underlined and depicted as uppercase, designated 6a, 6b, and 6c. Nucleotides of the intronic sequences are in lowercase. The numbers that flank the exonic sequences correspond to the numbered base pairs of the human TMPOI3 gene (Harris et al. 1994) .
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Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genome.cshlp.org Downloaded from Table 1 The mouse chromosomal location of Tmpo (locus designation, Tmpo) was determined by interspecific backcross analysis using progeny derived from matings of (C57BL/6J x Mus spretus)F 1 x C57BL/6J mice. This interspecific backcross mapping panel has been typed for >2000 loci that are well distributed amoung all the autosomes as well as the X chromosome (Copeland and Jenkins 1991) . C57BL/6J and M.
spretus DNAs were digested with several enzymes and analyzed by Southern blot hybridization for informative restriction fragment length polymorphisms (RFLPs) using a probe derived from the mouse cDNA. The mapping results indicated that
Tmpo is located in the central region of mouse chromosome 10 linked to insulin-like growth factor-1 (Igfl) and mast cell growth factor (Mg~ Fig.   7 ). Although 178 mice were analyzed for every marker and are shown in the segregation analysis (Fig. 7) , up to 196 mice were typed for some pairs of markers. Each locus was analyzed in pair-wise combinations for recombination frequencies using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and the recombination frequencies between the loci are shown in Figure 7 . Tmpo ~, [3, and ~/mRNAs appear to vary in different tissues and cell lines (Harris et al. 1994; Berger et al. 1995) , suggesting that both expression and alternative splicing of Tmpo may be regulated in a tissue-specific manner. One possible mechanism for control of the formation of Tmpo c~ and Identical sequences between the murine and the human 3'-splice sites are in boldface type and underlined.
Cold mRNA is via control of its 3'-end cleavage and polyadenylation site before splicing occurs (McKeown 1992) . This would eliminate all of the downstream exons encoding Tmpo [3, e, 5, and 7 sequences and remove them as competitors for splicing of the exon 3 to the c~-specific exon 4. Harris et al. (1995) demonstrated a conserved sequence downstream of the two alternative polyadenylation signals for human TMPOoL mRNA, suggesting that this sequence may be a binding site for a factor that regulates TMPOoL mRNA 3'-end formation, perhaps in a tissue-specific manner (Keller 1992) . The mouse Trnpo~ mRNA sequence (Fig. 1C) shows two further polyadenylation sites, but the regulation mechanism of the Tmpo~ mRNA 3'-end formation has not yet been identified.
The 5' end of the Tmpo gene is GC-rich, a characteristic feature of many genes with a wide range of tissue expression. Comparison of mouse and human Tmpo promoter sequences reveals several common conserved sequences, around the predicted transcription start site, in a similar order. These conserved sequences contain potential binding sites for known transcription factors, such as the Spl, Eve, CTF/NF1, and TTTAAA domains. The functional significance of these motifs has not yet been studied; however, the significant evolutionary conservation further supports the essential role of Tmpo in diverse cellular functions.
The Tmpo gene is located in the central region of mouse chromosome 10. We have compared our chromosome 10 interspecific map with a composite mouse linkage map that reports the map location of many uncloned mouse mutations, provided from Mouse Genome Database (The Jackson Laboratory, Bar Harbor, ME). Although several mutations lie in the region of Tmpo, none have a phenotype consistent with what might be predicted for a mutation in Tmpo.
LAP2 is an integral membrane protein of the inner nuclear membrane, which binds directly to both lamin B1 and chromosomes in a mitotic phosphorylation-regulated manner (Foisner and Gerace 1993) . The biochemical and physiological properties of LAP2 suggest an important role in nuclear envelope reassembly at the end of mitosis and/or anchoring of the nuclear lamina and in- terphase chromosomes to the nuclear envelope. The amino acid sequence of the rat LAP2 is 96% identical to the mouse Tmpo[3 and 91% identical 368 @ GENOME RESEARCH to the human TMPO[3, indicating that they are structurally and functionally homologous proteins. Hence, Tmpo c~, e, 8, %and ~ are the LAP2 gene alternatively spliced forms. That assumption is supported further by Western blot analysis using LAP2-specific antibodies, which yielded bands at 53/43/41 kD (Konstantinov et al. 1995) . The 53-kD polypeptide corresponds to the predicted molecular mass of the Tmpo~/LAP2 protein. Based on the calculated molecular mass of the various Tmpo isoforms, we suggest that the 43/41-kD bands are the alternatively spliced 8 and ~ forms, respectively. Like Tmpo[3/LAP2, the e, 8, and ~ Tmpo contain a single putative membrane-spanning sequence (Fig. 1B) (Furakawa et al. 1995) , which suggests that these alternatively spliced isoforms are three additional integral membrane proteins of the inner nuclear membrane.
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By expressing deletion mutants of LAP2 in cultured cells, it was found that the smallest nucleoplasmic fragment of LAP2 that can specify binding to components associated with the nuclear envelope are residues 244-398 (Furakawa et al. 1995) . However, mouse Tmpo e, 8, and ~ are identical to the Tmpo~/LAP2 except that they lack residues 220-259, 220-291, and 221-328, respectively. Therefore, Tmpo[3/LAP2 and Tmpo e, 8, and ~ may have different binding potencies to the various components associated with the nuclear envelope.
Two of the most favored cdc2 kinase sites in LAP2 (Tmpo[3) are found at residues 256-259 and 320-323 (Furakawa et al. 1995) . Phosphorylation of these sites by cdc2 kinase may be involved in modulating the interactions of LAP2 with chromatin and lamin during mitosis. However, Tmpo and 8 lack the cdc2 kinase site positioned at residues 256-259, whereas Tmpo ~ is missing both sites. These findings propose a possible role for the alternative splicing mechanism in nuclear events and cell cycle regulation.
METHODS
Isolation of Mouse Trnpo cDNA Clones
A cDNA clone, designated Tmpo~ was isolated from a mouse (B6/CBAFJ females, 6-8 weeks old) thymic cDNA library (commercially purchased from Strategene). The initial probe used was a 126-bp fragment encoding Tmpo amino acids 1-42 from the bovine cDNA clone 113 (ZevinSonkin et al. 1992) . Hybridization was performed with 35% formamide, 5 × SSPE (Sambrook et al. 1989 ) at 42°C, with the highest stringency wash in 0.1 × SSPE at 50°C. In the subsequent round of screening, a probe derived from the initial mouse clone was used. The hybridization was in 0.5 M NaHPO 4 (pH 7.2), 7% SDS, at 65°C, and the highest stringency wash was in 0.04 M NaHPO 4 (pH 7.2), 1% SDS, at 65°C. All sequences reported were determined on both strands by the Sanger technique using Sequenase version 2.0 kit (Amersham).
Isolation and Analysis of Genomic Clones
Four overlapping partial genomic clones were isolated from a library, prepared from a BALB/c liver DNA Sau3A-digested, and cloned into the EMBL 3A vector. The library was screened with the different cloned mouse Tmpo cDNAs. Clones were characterized initially by partial restriction mapping and by hybridization with defined regions of Tmpo cDNAs. Fragments of interest were subcloned into pBluescript II SK(+) (Stratagene) for DNA sequencing. The intron-exon boundaries were determined by direct comparison of the nucleotide sequences of Tmpo cDNAs clones and genomic sequences, using sense and antisense primers within the different cDNAs regions. Some of the sequencing primers were designed considering the alternatively spliced pattern. The sizes of introns were confirmed by restriction endonuclease digestion.
Interspecific Mouse Backcross Mapping
Interspecific backcross progeny were generated by mating (C57BL/6J X M. spretus) F 1 females and C57BL/6J males as described (Copeland and Jenkins 1991) . A total of 205 N2 mice were used to map the Tmpo locus (see text for details).
Southern blot analysis was performed as described (Jenkins et al. 1982) . All blots were prepared with Hybond-N ÷ membrane (Amersham). The Tmpo probe, a PCR-amplified fragment from the Tmpo mouse cDNA, was labeled with
[~32p]dCTP using a random priming labeling kit (Stratagene); washing was done to a final stringency of 0.5 x SSCP, 0.1% SDS at 65°C. A fragment of 4.8 kb was detected in XbaI-digested C57BL/6J DNA and a fragment of 4.0 kb was detected in XbaI-digested M. spretus DNA. The presence or absence of the 4.0-kb M. spretus-specific fragment was followed in the backcross mice.
A description of the probes and RFLPs for the loci linked to Tmpo, including insulin-like growth factor-1 (Igfl) and mast cell growth factor (Mg~) has been reported previously (Copeland et al. 1990 ). Recombination distances were calculated as described (Green 1981 ) using the computer program SPRETUS MADNESS. Gene order was determined by minimizing the number of recombination events required to explain the allele distribution patterns.
Isolation of the Human Exon 6 and its Intronic Sequences
PCR was performed using a DNA thermal cycler. The following human TMPO~ oligonucleotide primers were synthesized: 5'-AGCTATTCTCAAGCTGGAA-3', sense nucleotides 661-680 and 5'-TTCAGCTCTTGTCAATGG-3', antisense nucleotides 987-970 (Harris et al. 1994) . A 50-~1 reaction mixture containing 500-1000 ng of placental genomic human DNA in 50 mM KC1, 10 mM Tris-HC1 (pH 8.3), 1.5 mM MgC12, 0.001% gelatin, 250 mM (each) dNTPs: dATP, dCTP, dGTP, dTTP, 20 pmoles of each of the primers, and I unit of Taq DNA polymerase was subjected to 35 cycles of amplification. PCR conditions was follows: I min at 94°C, 1 min at 50°C, and 1.5 min at 72°C with a final elongation step at 72°C for 10 min. The human sequences were obtained using the ALFexpress automatic DNA sequencer (Pharmacia Biotech).
Sequence Analysis
Computer analysis of DNA and protein sequences were done using the Genetics Computer Groups (GCG) software package (Genetics computer group 1991). Sequences were analyzed for homology to nucleic acid and protein data bases using the Blast program (Altschul et al. 1990 ) of the National Center for Biotechnology Information via the Internet. Analysis of the 5'-flanking region of the gene for candidate sequences similar to known binding sites for transcriptional regulatory proteins, and for the recognition of the start of transcription site, was done with the TSSG program (Prestridge 1995) using the TFD transcription factor data base (Ghosh 1991) .
The sequences described here have been deposited in the GenBank data base (accession nos. U38185 and U39073-U39078).
